The water-containing clusters of the two tautomers 2-hydroxypyridine ͑2HP͒ and 2-pyridone ͑2PYR͒ are studied in the hydride stretch region of the infrared using the techniques of resonant ion-dip infrared spectroscopy ͑RIDIRS͒ and fluorescence-dip infrared spectroscopy ͑FDIRS͒. The results on 2PYR-͑water͒ n build on previous high-resolution ultraviolet spectroscopy ͓Held and Pratt, J. Am. Chem. Soc. 115, 9708 ͑1993͔͒ on the nϭ1,2 clusters and the infrared depletion spectra of Matsuda et al. ͓J. Chem. Phys. 110, 8397 ͑1999͔͒ on the nϭ1 cluster. The 2PYR-W 2 FDIR spectrum reflects the consequences of extending and strengthening the H-bonded bridge between N-H and CvO sites in 2PYR. The spectrum shows evidence of strong coupling along the bridge, both in the form of the hydride stretch normal modes and in the breadth of the observed infrared transitions. RIDIR spectra of the 2HP-W n clusters are compared with those of 2PYR-W n in order to assess the spectroscopic consequences of forming the analogous water bridges in the lactim tautomer. Density functional theory calculations are compared with the RIDIR spectra to deduce that the 2HP-W n clusters are indeed water-containing bridge structures closely analogous to their 2PYR counterparts. The IR spectra of the 2HP-W n clusters bear a striking resemblance to those of 2PYR-W n . Potential reasons for the unusual breadth of the bridge XH stretches are discussed.
I. INTRODUCTION
2-pyridone ͑2PYR͒ and 2-hydroxypyridine ͑2HP͒ are keto-enol tautomers related by transfer of a hydrogen atom between N and O sites in the molecule. As nitrogen heterocycles with the same H-bonding sites as uracil, such tautomerization reactions have potential relevance for proton transport and spontaneous mutagenesis in nucleic acid chemistry. [1] [2] [3] [4] An unusual characteristic of the 2PYR/2HP tautomeric pair is that they are nearly thermoneutral in the gas phase, with 2HP more stable than 2PYR by only 270 cm Ϫ1 ͑0.77 kcal/mol͒. 5, 6 As a result of this fortunate circumstance, both tautomers are present in significant abundance in gas phase samples ͑ϳ3:1 in favor of 2HP at 356 K͒. In solution, their similar stability heightens the importance of solvent effects in controlling the observed equilibrium concentrations of the two tautomers. The less polar 2HP tautomer is favored in nonpolar, aprotic solvents, but 2PYR dominates in polar, protic solvents, including water. 3 Not surprisingly, the barrier to tautomerization in the isolated, gas-phase molecule is substantial, with calculated values of 35-38 kcal/mol. 7, 8 This barrier is reduced to about 13-15 kcal/mol in the presence of a single water molecule bridging the N-H and CvO sites of 2PYR. 8 As shown below, a bridging water molecule is positioned so that a double H-atom transfer can occur with little heavy atom motion, raising the prospect that tunneling through this smaller barrier could also be significant. Indeed, temperature-jump kinetic studies have provided evidence for a water-mediated proton transfer reaction in solution, though it was unclear from that study whether one or two water molecules were involved in the reaction. 9 Early calculations employing a small basis set predict a further reduction in the barrier to tautomerization when the bridge is composed of two water molecules rather than one. 10 These attractive features of the 2PYR/2HP tautomers have made them the subject of a number of experimental gas-phase and matrix-isolation studies. A detailed analysis of the infrared spectra of the matrix-isolated tautomers has been carried out by Nowak et al. 6 The microwave spectrum obtained by Hatherley et al. determined that 2HP is found exclusively as the syn isomer in the gas phase, and determined the relative energies of the 2HP and 2PYR tautomers. 5 The early resonant ionization and laser-induced fluorescence studies of Tembreull et al. 11 and Nimlos et al. 12 have identia͒ Author to whom correspondence should be addressed. Electronic mail: zwier@purdue.edu fied the S 1 ←S 0 electronic origins of the monomers and some of the smaller water clusters. Subsequently, Held et al. 13 carried out an elegant, high-resolution, rotationally-resolved study of the 2PYR-͑water͒ 1 , and 2PYR-͑water͒ 2 clusters' S 1 ←S 0 origin transitions. The water molecules in these clusters were shown to form H-bonded bridges between the N-H and CvO groups of 2PYR. In that study, deuterium isotopic substitution was used to determine the positions of the hydrogens in the 2PYR-W 1 bridge.
Recently, Mikami and co-workers 14 have studied the Raman and infrared spectra of 1:1 complexes of 2PYR with a series of solvents, including water. As a part of this study, the IR spectra of partially deuterated 2PYR-water complexes were also recorded in the OH stretch region, establishing the effects of removal of selected OD or ND groups on the infrared spectrum. Finally, Leutwyler and co-workers 15 have recently provided a detailed analysis of the intermolecular transitions present in the vibronic spectra of 2PYR-W n and 2HP-W n clusters with nϭ1 and 2.
In this article, we present a study of the ground state infrared spectroscopy of 2PYR-W n and 2HP-W n clusters with nϭ1 and 2. The present study builds on previous work in three significant ways. First, the technique of resonant ion-dip infrared spectroscopy ͑RIDIRS͒ has been used to record the infrared spectra of the 2HP-W 1 and 2HP-W 2 complexes, which have not been studied previously. These spectra provide evidence that water bridges similar to those present in 2PYR-W n are also formed in the tautomeric 2HP-W n clusters. In the case of 2HP, the water molecules bridge between the OH donor and pyridine nitrogen atom acceptor sites. Second, the analogous spectrum of 2PYR-W 2 has also been recorded using fluorescence-dip infrared spectroscopy ͑FDIRS͒ to complete the comparison of the water bridges in the two tautomers. Finally, density functional theory calculations of the structures, harmonic vibrational frequencies, and infrared intensities have been carried out on all four clusters to compare with experiment. The vibrational frequency calculations provide insight to the nature, strength, and spectroscopic consequences of the strong coupling present in the H-bonded bridges.
Part of the initial motivation for this study was to search for spectroscopic evidence for water-mediated tautomerization in the hydride stretch infrared spectra of these clusters. Since the hydride stretch normal modes involve motion of the hydrogen atom͑s͒ in the bridge, one might anticipate a close relationship between the in-phase stretching of the bridge XH groups and the water-mediated tautomerization reaction coordinate. The magnitudes of the calculated barriers ͑ϳ4500 cm Ϫ1 for 2PYR-W 1 ͒ 8 are similar to the energy provided by excitation of the hydride stretch fundamental. Even below the barrier, the 2PYR-W n and 2HP-W n hydride stretch vibrations probe the barrier to tautomerization ͑i.e., proton transfer͒ from both ''reactant'' and ''product'' sides. Finally, even in the absence of effects due to reaction, the study of the H-bonded bridges formed between the H-bond donor and acceptor sites in 2PYR and 2HP is intriguing in its own right. There is growing evidence that such H-bonded bridges will be both important and pervasive in solute-͑solvent͒ n clusters containing multiple, H-bonding sites. [16] [17] [18] As we will see, the same sized clusters of 2HP-W n and 2PYR-W n have hydride stretch infrared spectra which closely resemble one another. In addition, the hydrogen bonded bridges, particularly in the X-W 2 clusters, produce hydride stretch fundamentals that are several times broader than those of any other X-W 2 clusters studied previously.
II. METHODS
The infrared spectra reported in this work were recorded using the double-resonance schemes of resonant ion-dip infrared spectroscopy ͑RIDIRS͒ [19] [20] [21] [22] [23] [24] and its fluorescencebased analog, fluorescence-dip infrared spectroscopy ͑FDIRS͒. 14, 20, 25 In both RIDIRS and FDIRS, the population of the cluster of interest is monitored by fixing the ultraviolet laser to a vibronic transition of the cluster, creating a steadystate signal which reflects the ground state population of the cluster of interest. The infrared spectra are recorded by preceding the ultraviolet pulse with an infrared pulse which, when resonant with an infrared transition, removes population from the ground state. The absorption is then detected as a dip in the ion signal or fluorescence generated by the ultraviolet laser pulse that follows.
The data on the 2HP-W n clusters employed RIDIRS, since its S 1 ←S 0 transition is just over half way to the ionization threshold, and can thus be studied conveniently using one-color resonant two-photon ionization. The molecular beam time-of-flight mass spectrometer employed in these studies has also been described previously. Briefly, the molecular clusters are formed by expansion from a 0.8 mm diameter pulsed valve heated to 100°C and operating at a backing pressure of 2 bar. The unfocused, doubled output of a Nd:YAG-pumped dye laser ͑Rhodamine 575 dye͒ is used as ultraviolet light source. An infrared parametric converter ͑Laser Vision͒ pumped by the seeded output of a second Nd:YAG laser ͑Continuum 7020͒ is used for the infrared excitation step. It counterpropagates the ultraviolet laser beam, and is focused by a 50 cm focal length lens to the center of the ion source region of the time-of-flight mass spectrometer. Typical infrared powers of about 5 mJ/pulse are used.
The 2PYR-W n clusters were studied using FDIRS rather than RIDIRS, largely because the S 1 ←S 0 transition of 2PYR is less than half way to the ionization threshold, complicating its study via R2PI. However, the previous characterization of the 2PYR-W n clusters by high resolution spectroscopy secures the assignment of the ultraviolet transitions to 2PYR-W 1 and 2PYR-W 2 , making mass selection unnecessary. The laser-induced fluorescence ͑LIF͒ studies are carried out in a second chamber equipped for LIF detection in a supersonic free jet. 25 The ultraviolet light is provided by the doubled output of the Nd:YAG-pumped dye laser operating with DCM dye. The same infrared parametric converter is used for the infrared step in FDIRS as in RIDIRS.
Density functional theory ͑DFT͒ calculations employing the Becke3LYP functional 26 ,27 with a 6-31ϩG*(d) basis set 28 have been carried out to provide a basis of comparison with the experimental results. The fully-optimized structures, binding energies, vibrational frequencies, and IR intensities were computed for various potential structures of 2HP-W n with nϭ1 and 2. In the case of 2PYR-W n , only the known, 13 H-bonded bridge structures were studied. Vibrational frequencies of optimized structures were performed in the harmonic approximation using analytical second derivatives. All calculations were carried out using the GAUSSIAN 98 suite of programs. 
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III. RESULTS AND ANALYSIS
B. LIF excitation spectroscopy of 2PYR-W n
An LIF excitation scan in the region to the blue of the S 1 ←S 0 origin of 2PYR ͑30 400-30 800 cm Ϫ1 ͒ is shown in Fig. 2 . As with 2HP, the previous study of Nimlos et al. 
C. RIDIRS of 2HP monomer and 2HP-W n clusters and FDIRS of 2PYR-W n clusters
The RIDIR spectrum of the 2HP monomer ͑not shown͒, recorded with the R2PI laser fixed to the S 1 ←S 0 origin at 36 130 cm Ϫ1 ͓Fig. 1͑a͔͒, consists of a sharp OH stretch fundamental at 3598 cm Ϫ1 and a closely spaced set of aromatic CH stretch transitions in the 3030-3110 cm Ϫ1 region. The frequency of the OH stretch is 59 cm Ϫ1 lower than that of phenol, 21 consistent with the assignment of this band to the syn isomer, with its weak intramolecular H-bond between the OH and the nitrogen lone pair. 12, 15 The corresponding spectrum of the 2PYR monomer has already been reported in the work of Mastsuda et al.
14 These authors observe a sharp NH stretch transition for the 2PYR monomer at 3448 cm
Ϫ1
. RIDIR spectra of 2HP-W n clusters with nϭ1 and 2 in the OH, NH, and CH stretch region of the IR ͑2800-3800 cm Ϫ1 ͒ are shown in Figs. 3͑d͒ and 5͑a͒, respectively. The corresponding FDIR spectra of 2PYR-W n are shown in Figs. 3͑b͒ and 4͑a͒. The spectrum of 2PYR-W 1 ͓Fig. 3͑b͔͒ is similar to that already published by Matsuda et al., 14 and is reproduced here primarily for its comparison with 2HP-W 1 . The RIDIR and FDIR scans were recorded by fixing the wavelength of the ultraviolet laser on each of the clusters' origin transitions, marked with daggers in Figs. 1 and 2 . The wave number positions and widths ͑FWHM͒ of the observed 2PYR-W n and 2HP-W n cluster infrared transitions are listed in Tables I and II, respectively. There are several features of the scans that deserve immediate comment. First, the infrared spectra of 2HP-W 1 and 2HP-W 2 ͓Figs. 3͑d͒, 5͑a͔͒ bear a striking resemblance to their 2PYR counterparts ͓Figs. 3͑b͒, 4͑a͔͒. This resemblance suggests a similarity in the structures of the clusters, which are known in the case of 2PYR-W n to be H-bonded bridge structures. 13 In keeping with this, the sharp transitions due to free NH ͑3448 cm Ϫ1 , 2PYR͒ or free OH ͑3598 cm Ϫ1 , 2HP͒ are absent from the IR spectra, replaced instead by strong, broadened transitions, which appear below 3400 cm Ϫ1 . This is the expected consequence of formation of a water bridge in which the NH ͑in 2PYR͒ or OH ͑in 2HP͒ groups act as H-bond donors to water. In addition, all four of the watercontaining cluster spectra show one or more absorptions in the 3710-3725 cm Ϫ1 region which can be assigned to free OH groups of the water molecule͑s͒ in the bridge. Second, the relative intensities of the H-bonded bridge fundamentals reflect a degree of coupling between the XH bonds involved in the bridge. For instance, the spectra of 2HP-W 1 and 2PYR-W 1 are dominated by a single H-bonded transition, despite the fact that two H-bonded XH stretches ͑OH¯OH¯N or NH¯OH¯OvC, respectively͒ make up the single-water bridges in both cases. This point will be taken up further after considering the results of vibrational calculations on the clusters. Third, the H-bonded XH stretch transitions below 3400 cm Ϫ1 are remarkably broad, especially in the case of the 2PYR-W 2 and 2HP-W 2 clusters ͓Figs. 4͑a͒, 5͑a͔͒. Finally, the signal-to-noise ratio in the FDIR scans ͓Figs. 3͑b͒, 4͑a͔͒ is significantly better than that in the RIDIR scans, due to a greater fluorescence signal in the former case than ion signal in the latter.
D. DFT calculated structures and energies
The low-energy, fully-optimized structures calculated for the 2HP-W n and 2PYR-W n clusters with nϭ1 and 2 are shown as insets in Figs. 3-5 . 33 The lowest energy structures for all four clusters have been studied in some detail by previous calculations. 8, 10, 34, 35 The primary motivation for the present calculations is to compute harmonic vibrational frequencies and infrared intensities to compare with the experimental IR spectra. For the 2PYR-W n clusters, only the known water bridge structures were explored, and the vibrational frequency calculations were used primarily to provide insight to the form of the hydride stretch normal modes and to test the accuracy of the computed vibrational frequencies and infrared intensities against experiment. In 2HP-W n , where the structures were not known with certainty, several possible H-bonding structures were optimized. Vibrational frequencies and infrared intensities of the minima soidentified then provide a basis for distinguishing the structures observed experimentally. Table III lists the relative monomer energies and total cluster binding energies, both with and without zero-point energy correction, relative to the 2HP monomer. The labeling scheme used in the table and in Figs. 3-5 reflects the relative binding energies of a given type of cluster with ͑A͒ being the calculated global minimum structure followed by ͑B͒, etc.
The global minimum structure for 2PYR-W 1 is shown in Fig. 3͑a͒ , while that for 2HP-W 1 is shown in Fig. 3͑c͒ . Both calculated global minima incorporate water as a bridge between donor and acceptor sites in the two molecules. The H-bonded OH groups are computed to be nearly planar with the ring in both structures, with the free OH of water pointing out-of-plane.
The global minimum structures for 2PYR-W 2 and 2HP-W 2 both consist of distorted water dimers that bridge the H-bonding sites ͓Figs. 4͑b͒ and 5͑b͒, respectively͔. The former structure is essentially that found experimentally from the work of Held and Pratt. 13 The most remarkable aspect of these structures is the short distance between the two water molecules in the bridge, with oxygen-oxygen separations of only 2.67 Å for 2PYR-W 2 and 2.69 Å for 2HP-W 2 . For comparison, the O-O separation in the water dimer is 2.95 Å 36 and in ice I h is 2.76 Å. 37 This short distance reflects the cooperatively strengthened H-bonds in the bridge. In addition, the two H-bonding sites in 2PYR and 2HP appear to be somewhat too closely spaced to accommodate a typical water-water separation, resulting in a ''squeezed'' dimer. This squeezing is also reflected in changes in the 2HP and 2PYR molecules themselves, most notably in increasing the C-O-H bending angle in 2HP to 114°, nearly 7°larger than its value in the 2HP monomer.
The experimental S 1 ←S 0 origin transition of 2PYR-W 2 is known 13 to consist of two transitions split by 0.377 cm
Ϫ1
. The rotational constants of these transitions are nearly iden- tical to one another. Based on the inertial defects of the two transitions, Held and Pratt have suggested that the two structures differ in the nature of the out-of-plane displacements of the hydrogen atoms in the two water molecules. 13 Based on the calculations, we suggest that the two transitions are tunneling doublets associated with the ''up/down'' to ''down/ up'' flipping motion, 33 analogous to that found for the free OH groups in the cyclic water clusters. 38, 39 Several less stable local minima have been found for 2HP-W 2 , with binding energies at least 5 kcal/mol less than that of 2HP-W 2 ͑A͒. The structures of two of these clusters ͑B and C͒ leave the single water bridge essentially unperturbed, and add the second water to an open lone-pair site on the water or 2HP oxygen, as shown in insets to Figs. 5͑c͒ and 5͑d͒, respectively. An alternative structure, in which the second water accepts a H-bond from the bridging water, has not been investigated because the experimental free OH region ͓Fig. 5͑a͔͒ is inconsistent with an acceptor water molecule ͑with symmetric and antisymmetric stretches close to that in free water͒.
E. DFT frequency calculations and the analysis of the infrared spectra
The computed vibrational frequencies and infrared intensities can be used to analyze the experimental infrared spectra in more detail. Throughout this analysis, primary attention will be given to the spectroscopic consequences of bridge formation, highlighting the similarities and differences in the bridges formed in 2PYR and 2HP. The FDIR spectra of 2PYR-W n clusters with nϭ1 and 2 are compared with the DFT calculated frequencies and infrared intensities in Figs. 3͑b͒/3͑a͒ and 4͑a͒/4͑b͒, respectively. The analogous comparisons between the RDIR spectra and theory for 2HP-W n clusters are shown in Figs. 3͑d͒/3͑c͒ and 5͑a͒/5͑b͒. The calculated frequencies and infrared intensities are summarized in Table IV . 33 The harmonic vibrational frequencies were scaled by a factor of 0.974 to correct for anharmonicity.
The scale factor was determined from a best fit of the calculated OH stretch frequencies to the experimental positions for the 2HP-W n and 2PYR-W n clusters.
The 2PYR-W 1 complex
Since the structure of the 2PYR-W 1 complex is known, 13 it serves as a good starting point for the analysis. with experiment ͓Fig. 3͑b͔͒. Most notably, the DFT Becke3LYP/6-31ϩG* calculation correctly reproduces the large intensity difference between the two H-bonded bridge fundamentals ͑labeled with a ''B'' in the figure͒ in the 3300 cm Ϫ1 region. According to the calculation, this intensity asymmetry arises from a strong coupling of the NH and OH motions along the bridge. As Table IV shows, the two vibrations are near-equal mixes of NH and OH oscillation, differing in the phase of oscillation of the bonds. Since the two bonds are nearly antiparallel to one another, the two vibrations lead to constructive ͑higher frequency͒ and destructive ͑lower frequency͒ interference between the oscillating bond dipoles, thereby collapsing most of the intensity into the higher frequency fundamental. Based on the calculation, the band at 3289 cm Ϫ1 is tentatively assigned to the weak fundamental. Matsuda et al. chose an alternative assignment of the weak fundamental to the shoulder at 3327 cm Ϫ1 . 14 We prefer an assignment of this shoulder to a Fermi resonanceenhanced combination band involving the carbonyl ͑1705 cm Ϫ1 ͒ and CvC(1623 cm Ϫ1 ) stretches, based on the assignment of these fundamentals from the recent FTIR study of matrix-isolated pyridone monomer by Nowak et al. 6 The free OH stretch fundamental at 3723 cm Ϫ1 is sharp and has an integrated intensity ratio relative to the bridge vibrations that is in excellent agreement with calculation. A weak combination band appears at 3770 cm Ϫ1 . The narrow width of this band suggests that it is a combination band built off the free OH stretch ͑F͒ fundamental ͑i.e., F 0 1 X 0 1 ͒ involving a 47 cm Ϫ1 intermolecular vibration X. The frequency of the out-of-plane bend of water ( 1 ) is calculated at 71 cm Ϫ1 . Since this is the only mode with frequency below 100 cm Ϫ1 , we tentatively assign the observed combination band as an F 0 1 ( 1 ) 0 1 combination, despite the rather poor agreement between the calculated and experimental frequencies for the bend.
The 2HP-W 1 complex
It was noted earlier that the RIDIR spectrum of 2HP-W 1 bears a distinct resemblance to that of 2PYR-W 1 . This similarity is also reflected in the calculated stick spectra for the two complexes ͓Figs. 3͑c͒ and 3͑a͔͒, which is not surprising in light of the bridge structure taken up by each. In 2HP-W 1 , the two bridge OH stretch fundamentals ͑B͒ are somewhat more localized than their 2PYR counterparts, leading to a greater intensity in the lower frequency band. According to the calculation, the intense, higher frequency fundamental is about 70% water OH and 30% 2HP OH, while the lower frequency mode is its complement ͑Table IV͒. This greater intensity, however, is not apparent in the experimental spectrum, making an assignment of the lower frequency bridge fundamental to the weak band at 3297 cm Ϫ1 tentative. One surmises on this basis that the calculations somewhat underestimate the extent of mixing between the bridge OH groups in 2HP-W 1 .
There are several weak bands that appear on the high frequency side of the 3373 cm Ϫ1 fundamental. . No intermolecular vibration possesses such a low frequency, nor are there any 2:1 Fermi resonance possibilities in this frequency regime. One possible explanation is to ascribe the 7 cm Ϫ1 splitting to an H-atom tunneling motion, probably involving the flipping coordinate of the free OH in a double-minimum potential well with minima located above and below the plane of the ring.
2PYR-W 2
The calculated IR spectrum of 2PYR-W 2 ͓Fig. 4͑b͔͒ shows the anticipated effects of lengthening the water bridge by addition of a second water molecule between the N-H and CvO groups of 2PYR. By comparison to 2PYR-W 1 , the addition of a second bridging water molecule contributes a third bridge fundamental below 3400 cm Ϫ1 and a second free OH stretch around 3700 cm
Ϫ1
. The calculated spectrum of Fig. 4͑b͒ matches the general features of the experimental FDIR scan well ͓Fig. 4͑a͔͒, consistent with the known bridging structure of 2PYR-W 2 . 13 The scaled frequencies of the transitions are in good quantitative agreement with experiment, but the relative intensities are not, most notably in underestimating the intensity of the lowest-frequency bridge fundamental relative to the others. This lowest-frequency fundamental involves an in-phase oscillation of the three XH groups in the bridge, but is concentrated primarily in the NH oscillator ͑Table IV͒. The relative intensities of the three bridge fundamentals are thus a sensitive function of the relative amplitudes of oscillation of the three XH groups in the bridge.
A complex set of bands due to the CH stretches of 2PYR is observed on the low-frequency side of the bridge fundamentals. These bands have gained intensity by mixing with the hydride stretch vibrations. The complexity of the CH stretch region also points to some Fermi resonant mixing of the CH stretches themselves, probably with overtones of the CH and NH bends.
2HP-W 2
The RIDIR spectrum of 2HP-W 2 ͓Fig. 5͑a͔͒ is compared with the calculated stick spectra for the three potential isomers of 2HP-W 2 in Figs. 5͑b͒-5͑d͒. A notable difference between the three calculated structures is that isomers B and C possess a weak H-bond due to the ''exterior'' water molecule, while isomer A does not. These exterior H-bonds produce XH stretch fundamentals above 3500 cm
Ϫ1
, where no such band exists in the experimental spectrum. Instead, the RIDIR spectrum has all its intense transitions below 3400 cm
. We surmise on this basis that the experimental spectrum must be due to the bridge structure 2HP-W 2 ͑A͒, which is the global minimum according to the calculations ͑Table III͒.
An assignment of the bands below 3400 cm Ϫ1 is facilitated by a consideration of the calculated form of the normal modes for the three H-bonded bridge OH fundamentals. As in 2PYR-W 2 , these normal modes involve substantial oscillation of all three OH groups in the bridge. However, the distribution of motion amongst the three OH groups is not equal. As shown in Table IV , the water-water bridge OH ͓labeled W͑1͒ OH in the table͔ contributes most to the highest-frequency mode ͑64%͒, while the parallel and antiparallel oscillation of the bridge ends dominates the two lower frequency normal modes. In much the same way as in the 2PYR-W 1 and 2HP-W 1 complexes, parallel oscillation of these bridge ends produces an intensity enhancement in the middle-frequency bridge fundamental, while the antiparallel oscillation leads to a suppression of intensity in the lowest frequency mode.
As the dotted lines in Fig. 5 indicate, based on the calculations a tentative assignment of the entire band centered on 3180 cm Ϫ1 to the enhanced middle-frequency fundamental can be made. The band at 3380 cm Ϫ1 is then assigned to the water-water bridge OH. No firm assignment of the weak, lowest frequency fundamental is possible, though the weak band at 3040 cm Ϫ1 is the most likely possibility. If this assignment for the OH stretch fundamentals is correct, it necessitates that the band at 3300 cm Ϫ1 be assigned either as an XH/intermolecular combination band built off the 3180 cm Ϫ1 fundamental, or to a band appearing due to Fermi resonance with the bridge OH stretches. In the latter interpretation, the two water OH bend fundamentals, with scaled frequencies of 1640 and 1655 cm Ϫ1 are likely candidates for the 2:1 Fermi resonance at 3300 cm Ϫ1 .
IV. DISCUSSION
A. Hydrogen-bonded water bridges
The FDIR spectra of 2PYR-W n and the RIDIR spectra of 2PYR-W n clusters with nϭ1 and 2 provide spectroscopic signatures for hydrogen-bonded water bridges stretched between adjacent donor and acceptor sites in the two tautomers. The similar over-all appearance of the spectra of the bridged tautomers is a result of a clean division of the normal modes into bridge XH stretches and free XH stretches, with the former appearing several hundred wave numbers lower in frequency than the latter. Frequencies have been scaled by a factor of 0.974. c The reader is referred to EPAPS ͑Ref. 33͒ for the infrared frequencies and intensities of higher energy conformers of 2HP and 2HP-W n .
The differences that do exist in the region of the bridge fundamentals occur because the bridge mode frequencies and relative intensities depend to some degree on the nature of the bridge termination sites and the degree of coupling between the XH groups in the bridge. Given the 150 cm Ϫ1 frequency difference between the NH stretch of 2PYR monomer ͑3448 cm Ϫ1 ͒ and the OH stretch of 2HP monomer ͑3598 cm Ϫ1 ͒, it is somewhat surprising that the calculated form of the normal modes in the water-containing bridges are as similar as they are to one another. As is evident from Table IV, the bridge fundamentals are substantially delocalized over the two or three XH groups that make up the bridge. The relative phases and dominant contributors to the modes are calculated to be similar in the two tautomers.
In the W 1 bridges, the two XH oscillators ͑NH¯OH¯O in 2PYR-W 1 and OH¯OH¯N in 2HP-W 1 ͒ are strongly coupled to one another, leading to near-equal mixes of the two XH local modes that constructively and destructively interfere with one another as the phase of the two oscillators is changed.
In the W 2 bridges, the coupled motion of the three bridge oscillators is evident in all three normal modes, with the largest contribution to each one retained in the two tautomers. In going from highest to lowest frequency bridge vibration, the phases of the XH oscillators resemble longitudinal phonons containing two, one, and no nodes, respectively ͑Table IV͒. This lowest frequency bridge vibration is the one most closely linked with the water-assisted proton transfer reaction coordinate.
The fact that the donor and acceptor H-bonding sites on 2PYR and 2HP are adjacent to one another makes it possible to form water bridges containing only one or two water molecules. However, more generally, there is growing evidence that sites quite remote from one another can be linked by water molecules forming a bridge between them. [16] [17] [18] The spectroscopic signatures of these longer bridges will be intriguing subjects for future study.
B. The unusual breadths of the bridge fundamentals
Perhaps the most striking feature of the IR spectra, particularly of the W 2 bridges, is the unusual breadth of the bridge fundamentals in this small a cluster. To drive this point home, Figs. 6͑a͒-6͑d͒ present a sampling of infrared spectra of aromatic W 2 clusters studied in our laboratory for comparison with the 2PYR-W 2 and 2HP-W 2 spectra ͓Figs. 6͑e͒, 6͑f͔͒. The aromatic chromophores are benzene ͓Fig. 6͑a͔͒, [40] [41] [42] indole ͓Fig. 6͑b͔͒, 30,43 1-methyl-indole ͓Fig. 6͑c͔͒, 30 and trans-formanilide ͓Fig. 6͑d͔͒. 44 In each case the water molecules form a water dimer, attached to the aromatic molecule via the -cloud ͑benzene, 1-methylindole͒, an NH group ͑indole͒, and a CvO group ͑trans-formanilide͒. Note that the latter two groups are the isolated donor and acceptor sites of 2PYR. The assignment of the trans-formanilide-W 2 spectrum to an isomer in which the water dimer is attached at the CvO site has been made previously by the groups of Simons 17, 45 and Cable, 46 and is readily confirmed from an inspection of the RIDIR spectrum, which shows a sharp, unperturbed free NH stretch of trans-formanilide at 3465 cm
Ϫ1
. The unmistakable conclusion of this comparison is that the 2PYR-W 2 and 2HP-W 2 clusters have hydride stretch fundamentals that are qualitatively broader than the others. In 2PYR-W 2 , these widths are about 40 cm
, while in 2HP-W 2 they approach 100 cm Ϫ1 or more. That the individual bands are still assignable by comparison with the harmonic frequency calculations indicates that the hydride stretch fundamentals carry the oscillator strength for the entire broadened band. At issue, then, is a plausible explanation for the dramatic increase in breadth observed. Several possible reasons can be postulated.
Congestion from more than one species
If the IR spectra were to contain contributions from two or more species, the increased congestion could lead to an apparent increase in the breadths of the bands. Of course, the strength of the double resonance methods employed here is that multiple species can only contribute to the spectrum if they also contribute to the ultraviolet transition used to monitor the ground state population. This is often not an issue, especially in the supersonic expansion. However, it is an established fact that the S 1 ←S 0 origin of 2PYR-W 2 contains two bands, 13 unresolved at the ultraviolet laser resolution used in recording the FDIR spectrum. The tentative assignment put forward for this doublet is as a tunneling doublet involving the flipping coordinate of the free OH groups that interconverts up/down and down/up minima. If so, the bridge OH stretches should be only slightly affected by the motion, and cannot contribute substantially to the extreme breadths of the observed bands.
H-atom transfer
According to the calculations of Field et al., 10 the barrier for concerted H-atom transfer, which converts 2PYR-W 2 into 2HP-W 2 , is on the same order as the infrared photon used to excite the clusters. As Pate and co-workers have shown recently, 47, 48 infrared excitation above the barrier to isomerization produces mixed states encompassing the full vibrational state density at that energy, including levels with different isomeric character. In the present case, then, one wonders whether the mixed states produced by OH stretch excitation might include tautomer levels in which H-atom transfer has occurred. If the coupling to the reaction coordinate were very strong, one could imagine an increase in the breadth due to this coupling.
Two facts argue against this possibility. First, there is little difference in the breadths of the bridge fundamentals, even though only one of the modes should be strongly coupled to the H-atom transfer reaction coordinate. In both the W 1 and W 2 bridges, the lowest-frequency vibration, with its in-phase oscillation of all oscillators, would be anticipated to be the mode most closely associated with the tautomerization reaction coordinate. Of the four bridges studied here, only the 2PYR-W 2 cluster places substantial oscillator strength in this in-phase oscillator. However, its breadth is very similar to that of the other two bridge fundamentals in 2PYR-W 2 .
Second, we have obtained preliminary spectra of oxindole-W 2 , another cis-amide like 2PYR, but one which does not have an energetically-accessible second tautomer which can be reached by H-atom transfer. 49 As we will report elsewhere, the bridge fundamentals in oxindole-W 2 possess a similar breadth to those in 2PYR-W 2 , leading to the conclusion that a mechanism other than H-atom transfer is responsible for the observed broadening.
The bridge itself
It seems most likely, then, that the broadening of the bridge fundamentals is inherent to the water bridge itself. Early infrared studies of hydrogen-bonded complexes recognized that the breadth of an XH stretch fundamental is correlated with the strength of the XH¯Y H-bond formed. 50 Thus, the observed breadths in 2PYR-W 2 and 2HP-W 2 are a response of the bridge XH groups to the formation of particularly strong H-bonds associated with the bridge. Formation of a bridge between donor and acceptor sites on the ring has much the same effect as closing a cycle in the pure water clusters. 51 In so doing, the number of strong H-bonds is maximized. At the same time, the completion of the bridge produces a cooperative strengthening of the H-bonds. 52 That the 2PYR-W 2 and 2HP-W 2 clusters have large binding energies is immediately apparent from the greater frequency shifts of the bridge fundamentals in these clusters ͓Figs. 6͑e͒, 6͑f͔͒ relative to the other cases studied ͓Figs. 6͑a͒-6͑d͔͒. The calculations bear this out. The total, zero-point energy corrected binding energies calculated for 2PYR-W 2 and 2HP-W 2 ͑20.8 and 17.9 kcal/mol, respectively, without correction for basis set superposition error͒ yield average H-bond energies per H-bond of about 6-7 kcal/mol. By comparison, the total, ZPE-corrected binding energies of benzene-W 2 , 42 indole-W 2 , 30 1-methyl-indole-W 2 , 30 and trans-formanilide-W 2 53 are all calculated to be less than 13 kcal/mol.
The deeper question, though, is why strengthening the H-bonds in the bridge leads to broadening. There are many examples in which strong H-bonds produce XH stretch fundamentals that are spread over several hundred wave numbers, with extensive substructure appearing underneath the overall band profile. 50 A proper theoretical description of such spectra has occupied the attention of many groups over the past several decades. 50, [54] [55] [56] [57] [58] [59] [60] The growing consensus of such studies is that the overall width and substructure is the spectroscopic manifestation of strong anharmonic coupling of the XH stretch to the XH¯Y intermolecular stretch, further complicated by Fermi resonant mixing with overtones of the XH bends. 58 Our spectra show the beginnings of such a breakup of the spectrum, most notably in the 3300 cm Ϫ1 band in the 2HP-W 2 spectrum. However, at issue here are the widths of the individual XH stretch fundamentals that make up the bridge. These widths are handled by current theories of strong anharmonic coupling only as a generic, mediuminduced damping. 58 In the gas phase, the cluster itself must provide the bath of states responsible for this damping.
According to Fermi's Golden Rule, 61 the observed breadths of the hydride stretch bands must arise from an average coupling matrix element between the hydride stretch fundamentals and the background states of about 50 cm Ϫ1 . The density of these bath states are dominated by the intermolecular modes that stretch and bend the H-bonds in the bridge, but whether the full density of states is involved in producing the large breadth is unclear. Given the unusually short water-water separation in these ''squeezed'' water bridges, one would anticipate unusually strong mechanical coupling across the bridge as the individual XH links in the bridge expand and contract. Furthermore, the background states involved in the broadening could include states in which one of the H-bonds in the bridge is partially or fully broken. Quantitative theoretical modeling of the potential energy surfaces for the intramolecular and intermolecular bridge coordinates is still needed to put such qualitative arguments on firmer footing.
V. CONCLUSIONS
This article has reported the hydride stretch infrared spectral signatures of the H-bonded bridges formed in 2PYR-W n and 2HP-W n clusters. The XH stretch region divides cleanly into free OH stretches due to the dangling OH bonds in the water bridge and bridge fundamentals due to the H-bonded XH groups which make up the bridge. The spectra show evidence of the strong H-bonds in the bridge, both in the large frequency shifts of the bridge fundamentals and in the unusual breadths of these fundamentals. Though these breadths may have contributions from the water-mediated tautomerization reaction, it is more likely that the breadths simply reflect the strong coupling of the bridge XH groups with bath states involving the intermolecular modes that stretch and buckle the bridge. It is likely that such H-bonded water bridges are important in a variety of situations in which partial water solvation of a solute with multiple H-bonding sites occurs. [16] [17] [18] 62 Such bridges have been implicated as important factors in stabilizing protein conformations in solution. 63 Their study in isolated, gas-phase clusters offers the opportunity to spectroscopically characterize the bridges as a function of the distance, orientation, and nature of the H-bonding sites on the solute and the number of water molecules in the H-bonded bridge.
The 2PYR-W n clusters have provided an example of the water bridges linking the N-H and CvO sites of a cis-amide functionality. In seeking a fuller understanding of the effects that modifying the cis-amide group can have on these bridges, we are pursuing several avenues. To better probe the sensitivity of the bridge spectra to subtle changes in the cisamide configuration, a systematic study of other cis-amides is currently being pursued in which the N-H and CvO sites are modified from their configuration in 2PYR. 49 Secondly, it is of interest to form and study longer H-bonded bridges between remote sites on aromatic solutes. Finally, an analysis of the complex, substructured XH stretch spectra that arise in the double bridges formed in the strongly H-bonded dimers of benzoic acid and oxindole is being pursued.
